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S1. Secondary Organic Aerosol (SOA) Formation Experiments 
Ozonolysis and photooxidation experiments were conducted in the Caltech dual 24 m3 Teflon 
Environmental Chambers (CTEC) (1, 2) and Caltech Photooxidation Flow Tube (CPOT) (3) at 
ambient temperature (~295 K) and atmospheric pressure (~1 atm). All experiments were carried 
out under dry conditions (<10% RH), in the presence of ammonium sulfate [(NH4)2SO4] seed 
aerosol, and at mixing ratios of NOx typical of the pristine atmosphere (<0.5 ppb). Experimental 
conditions are reported in Table S1. 
 
S1.1 Caltech dual 24 m3 Teflon Environmental Chambers (CTEC) 
Experiments in the CTEC were performed to examine the identity, abundance, and kinetics of 
molecular products in secondary organic aerosol (SOA) formed from the O3- and OH-initiated 
oxidation of b-pinene. Prior to each experiment, the chamber was flushed with dry, purified air for 
24 h such that the particle number and volume concentrations were less than 10 cm-3 and 0.01 µm3 
cm-3, respectively. b-pinene (~120 ppb) was added to the chamber by passing dry, purified air at 
5 L min-1 through a glass cylinder, heated to 50 ˚C in a water bath, containing a volumetric 
injection of liquid b-pinene (20 µL, >99%, Sigma-Aldrich) for 30 min. Polydisperse seed aerosol 
(~70 µm3 cm-3, Dp » 95 nm) was generated via atomization of a dilute (0.06 M) aqueous solution 
of (NH4)2SO4 (Macron Fine Chemicals), followed by diffusive drying and neutralization. In select 
experiments, seed aerosol was produced from dilute aqueous solutions of (NH4)2SO4 (0.02 M) and 
cis-pinic acid (Sigma-Aldrich) in 1:1 (~120 µm3 cm-3, Dp » 130 nm) and 2:1 (~140 µm3 cm-3, Dp 
» 120 nm) mass ratios.  
 
For ozonolysis experiments, O3 (~200 ppb) was produced via photolysis of O2 by flowing dry, 
purified air at 5 L min-1 through a custom-built UV O3 generator for ~40 min. Ozonolysis 
experiments were conducted in the absence of an OH scavenger, resulting in an initial OH molar 
yield of 28-44% (4, 5). For photooxidation experiments, H2O2 provided the source of OH on 
photolysis under broadband UV irradiation (blacklight spectrum centered at 350 nm). H2O2 (280 
µL, 50% w/w in H2O, Sigma-Aldrich) was introduced into the chamber from a glass bulb, heated 
to 40 ˚C in a water bath, over a 1-h period with a flow of dry, purified air at 5 L min-1, resulting 
in an initial H2O2 mixing ratio of ~4 ppm. At these relatively high mixing ratios of H2O2, significant 
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levels of HO2 are produced via the OH + H2O2 
 
reaction, which is favored at the slow chamber 
photolysis rate of H2O2. The steady-state concentrations of OH and HO2 in these experiments were 
~2 ´ 106 and ~1 ´ 1010 molecules cm-3, respectively, as determined in a previous study (6). The 
duration of both ozonolysis and photooxidation experiments was ~4 h. Under these conditions, 
~70% of the injected b-pinene was consumed in each experiment. 
 
S1.2 Caltech Photooxidation Flow Tube (CPOT) 
Due to its steady-state operating conditions, the CPOT was utilized to collect sufficient quantities 
of b-pinene SOA mass for detailed molecular-level composition and structural analysis by offline 
mass spectrometric and chromatographic techniques. An in-depth description of the CPOT and its 
standard operating protocol is presented elsewhere (3). Briefly, the CPOT consists of two 1.2 m × 
17 cm i.d. cylindrical quartz tubes, surrounded by an external water jacket and flanged together 
with clamps and chemically resistant O-rings. Reactants are thoroughly mixed at the inlet to the 
reactor in a stainless steel static mixer prior to passage through a conical diffuser that serves to 
expand the mixed flow to the diameter of the cylindrical section while maintaining an idealized 
laminar profile. A transition cone at the end of the reactor concentrates gas/particle-phase products 
into a common sampling line that can be split among multiple instruments. Samples extracted at 
the end of the reactor thus represent so-called cup-mixed averages of the entire reactor cross 
section. The total flow rate through the CPOT is 12.5 L min-1, giving rise to an average residence 
time of 3.5 min. The Reynolds number (Re) in the cylindrical section of the reactor at this flow 
rate is ~125, indicating laminar flow (Re < 2100).  
 
b-pinene was introduced into the CPOT by passing dry, purified air at 500 mL min-1 through a 
glass cylinder into which liquid b-pinene (>99%, Sigma-Aldrich) was continuously injected from 
a gas-tight volumetric syringe at 0.702 µL h-1 using a single syringe infusion pump (11 Plus, 
Harvard Apparatus), resulting in a steady-state b-pinene mixing ratio of ~150 ppb. Polydisperse 
seed aerosol (~75 µm3 cm-3, Dp » 85 nm) was generated via continuous atomization of a dilute 
(0.01 M) aqueous solution of (NH4)2SO4 (Macron Fine Chemicals), followed by diffusive drying 
and neutralization. A steady-state mixing ratio of O3 of ~1 ppm was produced via photolysis of O2 
by flowing dry, purified air at 100 mL min-1 through a custom-built UV O3 generator. Ozonolysis 
 S5 
experiments were carried out both in the presence and absence of scavengers for OH and stabilized 
Criegee intermediates (SCIs). Cyclohexane (>99%, Fisher Scientific) was employed as an OH 
scavenger (Fig. 2), while ultra-pure water (18 MW, <3 ppb TOC, Millipore Milli-Q) and formic 
acid (98%, Fluka) were utilized as SCI scavengers (Fig. S1). For experiments featuring either 
cyclohexane or formic acid, steady-state mixing ratios of ~25 and 15 ppm, respectively, were 
achieved by passing a flow of dry, purified air at 500 mL min-1 over the surface of a reservoir of 
the liquid reagent (i.e., a Stefan tube) (7). For experiments performed under humid conditions, dry, 
purified air at 15 L min-1 was bubbled through a water reservoir to produce a steady-state water 
vapor mixing ratio in the CPOT of 1% (i.e., 43% RH).  
 
Given recommended kOH values for cyclohexane and b-pinene of 7.2 ´ 10-12 (8) and 7.89 ´ 10-11 
cm3 molecules-1 s-1 (9), respectively, the OH scavenging efficiency of the added cyclohexane was 
93.5%. As rate coefficients for bimolecular reactions of the C9 b-pinene SCIs are unknown, an 
estimated kSCI+HCOOH value of 1.7 ´ 10-12 cm3 molecules-1 s-1 for a-pinene (10) was adopted as a 
surrogate for reaction with both formic acid and the carbonyls/organic acids formed from b-pinene 
ozonolysis, given that reactions of SCIs with organic acids are far more rapid than reactions with 
carbonyls (11). Likewise, kSCI+H2O and kSCI+(H2O)2values of 4.0 ´ 10-17 and 7.0 ´ 10-13 cm3 
molecules-1 s-1, respectively, predicted for (CH3)2COO (12) were adopted for reaction of the C9 
b-pinene SCIs with water and the water dimer. Accordingly, assuming complete conversion of b-
pinene to reactive carbonyls/organic acids (should clearly be lower) and a water dimer 
concentration equal to 0.06% that of the monomer (13), the minimum SCI scavenging efficiencies 
of the added formic acid and water vapor were 99.1 and 94.5%, respectively. 
 
S2. Gas-Phase Measurements 
b-pinene mixing ratios were quantified with an Agilent 6890N gas chromatograph equipped with 
a flame ionization detector (GC/FID) and operated with an Agilent HP-5 column (30 m ´ 0.32 
mm, 0.25 µm). The GC/FID was calibrated with a commercial b-pinene standard (>99%, Sigma-
Aldrich) over a mixing ratio range from 100 to 200 ppb using a gas-tight volumetric syringe and a 
mass-controlled dilution flow of N2 into a 100 L Teflon bag. The GC/FID was also calibrated with 
ppm-level bags (10-20 ppm) prepared via an analogous method and cross-calibrated using Fourier 
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transform infrared spectroscopy (FT-IR) with tabulated absorption cross sections for b-pinene 
(25). O3 and NOx mixing ratios were quantified by a Horiba APOA-360 O3 absorption monitor 
and a Teledyne T200 NOx monitor, respectively. The detection limits for O3, NO, and NO2 are 0.5, 
0.4, and 0.4 ppb, respectively. Temperature and RH were monitored in the CTEC with a Vaisala 
HMM211 probe and in the CPOT with an Omega RH-USB sensor. 
 
S3. Particle-Phase Measurements 
S3.1 Scanning Mobility Particle Sizer (SMPS) 
Aerosol size distributions and number concentrations for Dp between ~15 and 800 nm were 
measured with a custom-built scanning mobility particle sizer (SMPS) consisting of a TSI 3081 
differential mobility analyzer (DMA) coupled to a TSI 3010 condensation particle counter (CPC). 
The DMA is operated in a closed-system configuration with a recirculating sheath and excess flow 
of 2.67 L min-1 and an aerosol flow of 0.515 L min-1. The column voltage is scanned from 15 to 
9850 V over a 4-min interval. A more detailed overview of the SMPS operation is provided 
elsewhere (2). For b-pinene SOA formation experiments performed in this study, the initial 
(NH4)2SO4 seed volume was ~60-80 µm3 cm-3, with Dp of ~80-100 nm and a size distribution 
spanning from ~20 to 600 nm. As a result of particle growth driven by gas/particle-phase chemistry 
and gas-particle partitioning, Dp shifted to ~150 nm in steady-state CPOT experiments and to ~230 
nm after ~4 h of reaction in CTEC experiments.  
 
Aerosol volume concentrations were calculated assuming homogeneous spherical particles. To 
enable direct comparison with the concentrations of individual molecular products detected in 
suspended SOA using offline mass spectrometry, corrections for particle wall loss were neglected. 
Instead, suspended SOA volume concentrations were derived by applying an exponential fit to the 
decay of pure (NH4)2SO4 seed and subtracting the extrapolated seed volume concentrations from 
the measured volume concentrations of total suspended aerosol (Fig. S2). SOA mass 
concentrations were calculated assuming an effective density for b-pinene SOA of 1.25 g mL-1 
(26-29). Growth profiles of suspended SOA produced from the O3- and OH-initiated oxidation of 
b-pinene over ~4 h of reaction in the CTEC are shown in Fig. S3A. 
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The maximum suspended SOA mass loadings achieved during b-pinene ozonolysis and 
photooxidation experiments over ~4 h of reaction in the CTEC (Table S1, Exps. 1 and 2) were 35 
and 54 µg m-3, respectively (Fig. S3A). These mass loadings are within a factor of 2 to 10 of 
ambient organic aerosol (OA) mass concentrations recently measured in forested regions 
dominated by monoterpene emissions: 1.9-6.8 µg m-3 (K-puszta, Hungry; BIOSOL 2006) (30), 
4.3 ± 2.3 µg m-3 (Sierra Nevada Mountains; BEARPEX 2009) (31), <1-23 µg m-3 (SMEAR II 
Station, Hyytiälä, Finland; HUMPPA-COPEC 2010) (32), 2.9-5.3 µg m-3 (SMEAR II Station, 
Hyytiälä, Finland) (33), and 4.8 µg m-3 (Centreville, Alabama; SOAS 2013) (34). Consequently, 
the mass loadings of b-pinene SOA generated in this study, and in turn the molecular composition, 
can be considered relevant to the real atmosphere.  
 
S3.2 High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) 
Submicrometer, nonrefractory aerosol chemical composition was quantified with an Aerodyne 
high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS), providing chemical 
speciation of sulfate, ammonium, and organic constituents at a frequency of 0.1 Hz. The working 
principles and modes of operation of the HR-ToF-AMS are described in detail elsewhere (35). 
Briefly, submicrometer aerosol (35 nm-1.5 µm) is sampled into the instrument through an 
aerodynamic lens at a flow rate of ~1.3 mL s-1, producing a collimated particle beam that is 
directed onto a resistively heated surface where particles undergo vaporization (~600 ˚C) and 
electron impact (EI) ionization (70 eV). The resulting ions are detected with a custom-designed 
Tofwerk HR-ToF-MS configured in V-mode. Data were analyzed using the SQUIRREL v1.59B 
and PIKA v1.19B modules for Igor Pro v7.02 (WaveMetrics), and were corrected for gas-phase 
interferences (36, 37) and composition-dependent collection efficiencies (38). Detection limits for 
each class of chemical constituents were calculated as three times the standard deviation of blank 
signals (3sblank) measured from high-efficiency particulate arrestance (HEPA) filter samples taken 
before each experiment. The instrumental ionization efficiency was calibrated using dry, 350 nm 
ammonium nitrate (NH4NO3) particles, generated via atomization of a dilute (0.01 M) aqueous 
solution of NH4NO3 (Macron Fine Chemicals) and size-selected with a DMA. Elemental O:C and 
H:C ratios, as well as average carbon oxidation states (OSC = 2 O:C - H:C), of β-pinene SOA were 
calculated using the “Improved-Ambient” elemental analysis method for AMS spectra (39). After 
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~4 h of reaction in the CTEC, O:C, H:C, and OSC values for O3-derived β-pinene SOA were found 
to be 0.38, 1.64, and -0.88, respectively, whereas for OH-derived β-pinene SOA respective values 
of 0.35, 1.75, and -1.05 were obtained (Fig. S3B-D). These results are in good agreement with 
O:C and H:C ratios reported in previous laboratory studies for a-pinene SOA generated from 
ozonolysis (O:C = 0.30-0.43; H:C = 1.47-1.66) (23, 39-43) and photooxidation (O:C = 
0.36-0.40; H:C = 1.60-1.71) (23, 44). 
 
S3.3 Particle-Into-Liquid Sampler (PILS) 
A custom-modified particle-into-liquid sampler (PILS) was used to collect chamber-generated b-
pinene SOA for molecular-level characterization of particle-phase dynamics. A detailed 
description of the Caltech PILS, which is based on a modification of the original design of Weber 
et al. (45), is presented elsewhere (46). Briefly, chamber aerosol is sampled into the instrument 
through a 1 µm cut size impactor at a flow rate of 12.5 L min-1 and passed successively through 
individual acid and base denuders and an organic carbon denuder to remove inorganic and organic 
vapors. A steam flow generated from ultra-pure water (18 MW, <3 ppb TOC, Millipore Milli-Q) 
at 100 °C is adiabatically mixed with the cooler aerosol flow in a condensation chamber, creating 
a water supersaturation environment in which particles grow sufficiently large (Dp > 1 µm) for 
collection by inertial impaction onto a quartz plate. Impacted particles are transported to a 
debubbler by a washing flow (0.15 mL min-1) of ultra-pure water (18 MW, <3 ppb TOC, Millipore 
Milli-Q). The sampled liquid is delivered into vials held on a rotating carousel. Under the current 
configuration (5-min duty cycle), a total of 48 liquid samples were collected for CTEC experiments 
with ~4-h duration. Sample vials were stored at -16 ˚C immediately after collection. The PILS 
method is particularly suited to the collection of oxygenated, water-soluble organic carbon 
(WSOC), which typically accounts for a majority of SOA. The overall PILS collection efficiency 
for b-pinene SOA was estimated to be >85%, based on an empirical correlation of water solubility 
and the average O:C ratio of the aerosol ensemble derived from HR-ToF-AMS measurement (47). 
 
S3.4 Teflon Filter Samples 
b-pinene SOA from steady-state CPOT and select CTEC experiments was collected on Pall Life 
Sciences Teflon membrane disc filters (2 µm pore size, 47 mm diameter) at a sampling flow rate 
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of 10 L min-1. Collection periods for CPOT experiments ranged from 15 to 24 h per filter sample, 
while during CTEC experiments filters were collected for 4 h. A cylindrical diffusion denuder 
packed with activated charcoal (Sigma-Aldrich) was placed upstream of the sampling apparatus 
to remove O3 and gas-phase species, thereby preventing on-filter reactions and further partitioning 
of compounds from the gas phase to collected particles. The SOA particle loss through the denuder 
was assumed to be negligible (48). The mass of SOA collected on each filter was typically 2-3 
mg for CPOT experiments and <1 mg for CTEC experiments. Filters were stored at -16 ˚C 
immediately after collection.  
 
Filter samples were extracted into 10 mL ultra-pure water (18 MW, <3 ppb TOC, Millipore Milli-
Q) for 1 h using an orbital shaker at 200 rpm, as extraction via ultrasonic agitation has been shown 
to cause degradation of a-pinene SOA molecular markers (e.g., cis-pinic acid) as well as elevated 
concentrations of particle-bound peroxides, likely due to formation of OH radicals by acoustic 
cavitation that react with SOA constituents and combine to form H2O2 (49). To account for 
variations in filter collection and extraction efficiency, the total organic carbon (TOC) content of 
filter extracts was quantified using an OI-Analytical Aurora 1030W TOC Analyzer. The total 
carbon (TC) method was employed, wherein all carbon-containing species (i.e., organic and 
inorganic) are oxidized to CO2 by sodium persulfate and phosphoric acid at 100 ˚C and then 
detected by nondispersive IR spectroscopy. The TC content of blank filter extracts was used for 
background subtraction. A detection limit of 0.6 ppmC was calculated from the standard deviation 
of the TC content of the blank filter extracts (3sblank). The method was calibrated using standard 
solutions of potassium hydrogen phthalate (>99%, Sigma-Aldrich), and the accuracy of the method 
was verified to within 5% using solutions of meso-erythritol (>99%, Sigma-Aldrich) and D-
sorbitol (>98%, Sigma-Aldrich) of known concentration. 
 
S3.5 Ultra-Performance Liquid Chromatography/Negative Electrospray Ionization Quadrupole 
Time-of-Flight Mass Spectrometry [UPLC/(-)ESI-Q-TOF-MS] 
b-pinene SOA filter extracts and PILS samples were analyzed by a Waters ACQUITY ultra-
performance liquid chromatography (UPLC) I-Class system coupled to a Xevo G2-S quadrupole 
time-of-flight mass spectrometer (Q-TOF-MS) equipped with an electrospray ionization (ESI) 
source and operating at a mass resolution (m/∆m) of 20,000-34,000 and a mass accuracy of <5 
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mDa. An ACQUITY BEH C18 column (1.7 µm, 2.1 mm × 50 mm) kept at 30 ˚C was used to 
separate SOA molecular constituents. The polar (A) and nonpolar (B) eluents were 0.1% v/v 
formic acid (98%, Fluka) in ultra-pure water (18 MW, <3 ppb TOC, Millipore Milli-Q) and 100% 
acetonitrile (OptimaTM LC/MS, Fisher Scientific), respectively. The 12-min eluent program was: 
(0-2.0 min) 99% A and 1% B; (2.0-10.0 min) linear gradient to 10% A and 90% B; (10.0-10.2 
min) 10% A and 90% B; (10.2-10.5 min) linear gradient to 99% A and 1% B; (10.5-12 min) 99% 
A and 1% B. The total flow rate was 0.3 mL min-1 and the injection volume was 10 µL. The sample 
temperature was 4 ˚C. Optimized ESI conditions were: 2.0 kV capillary voltage, 40 V sampling 
cone, 80 V source offset, 120 °C source temperature, 400 °C desolvation temperature, 30 L 
h-1 cone gas flow, and 650 L h-1 desolvation gas flow.  
 
Negative (-) ion mass spectra were acquired from m/z 40 to 1000, following calibration using 
sodium formate clusters ([Nax(HCOO)x+1]-) prepared from formic acid (98%, Fluka) and sodium 
hydroxide (50% w/w in H2O, Fisher Scientific). All analytes were detected as pseudomolecular 
[M-H]- ions, generated via deprotonation of parent molecules during (-)ESI. The calibrated mass 
axis was locked to the [M-H]- ion of a lock spray of leucine enkephalin (>95%, AnaSpec) at 
m/z 554.2615. MS/MS spectra were collected in tandem with MS measurements (50% duty cycle) 
via collision-induced dissociation (CID; Ar collision gas) of parent ions, quadrupole-selected with 
an isolation width of 3 Da during specified retention time (RT) ranges, using a collision energy 
ramping program (15-50 V). Instrumental stability (i.e., chromatographic and mass spectral 
reproducibility) was verified to within 3% using a standard solution of adipic acid (99%, Sigma-
Aldrich) and cis-pinonic acid (98%, Sigma-Aldrich) run periodically (one standard every 10 
samples) during routine analysis. Data were acquired and processed using MassLynx v4.1 
software. Molecular formulas (CxHyOz) of parent and fragment ions in MS and MS/MS spectra 
were assigned with mass tolerances of <7 ppm and supported by the associated 13C isotope 
distributions. 
 
S3.6 Hydrogen/Deuterium Exchange (HDX) UPLC/(-)ESI-Q-TOF-MS 
β-pinene SOA filters from steady-state CPOT experiments were extracted into 10 mL D2O (99.9 
atom % D, Sigma-Aldrich) for 1 h with an orbital shaker at 200 rpm and analyzed via 
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UPLC/(-)ESI-Q-TOF-MS using 0.1% v/v formic acid (98%, Fluka) in D2O as the polar eluent. 
This approach facilitated deuterium substitution (H→D) of labile hydrogens in the SOA 
constituents while preserving chromatographic separation, enabling quantification of the number 
of exchangeable hydrogens in the structures of the identified monomers and dimers based on 
systematic shifts in m/z (Table 1). The m/z of each SOA constituent shifted by one mass unit for 
every exchangeable hydrogen present in the molecule in addition to the site deprotonated to form 
the [M−H]− ion. For most analytes, H/D exchange proceeded to completion (Fig. S4A and C), 
indicative of structures containing only fairly acidic and easily exchangeable hydrogens (i.e., -OH, 
-OOH, and -COOH). However, for certain dimeric compounds, m/z 355 (C18H28O7; RT 6.24), 
m/z 373 (C18H30O8; RT 5.99), m/z 369 (C19H30O7; RT 6.48), m/z 353 (C19H30O6; RT 6.15), and m/z 
355 (C18H28O7; RT 5.27), only partial H/D exchange was observed (Fig. S4B), suggesting that the 
structures of these dimers contain moderately acidic hydrogens, such as a hydrogens adjacent to 
carbonyls. As pKa values for aldehyde a hydrogens are typically comparable to those of alcohols 
(~17) whereas pKa values of ketone a hydrogens are generally much higher (~20) (50), aldehyde 
functionalities are assumed to be responsible for the partial H/D exchange exhibited by the 
specified dimers. Interestingly, partial H/D exchange of the a hydrogens of β-dicarbonyls, which 
are significantly more acidic (pKa » 9-14) than those of aldehydes (50), was recently observed via 
1H NMR spectroscopy (51), providing indirect support for the partial H/D exchange hypothesized 
for aldehyde a hydrogens.  
 
S3.7 Iodometry-Assisted UPLC/(-)ESI-Q-TOF-MS 
Conventional iodometry was coupled to UPLC/(-)ESI-Q-TOF-MS, as described by Zhao et al. 
(52), to identify organic peroxides [i.e., hydroperoxides (ROOH) and organic peroxides (ROOR)] 
at the molecular level in b-pinene SOA. In the presence of an acid catalyst, I- selectively reduces 
organic peroxides to the corresponding alcohol, liberating I2 and subsequently forming I3- in 
solutions of excess I-: 
 R#OOR% + 2	I* + 2	H, 											 R#OH + R%OH + I%	I% + I* 											 I-* 
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As the iodometric method has been shown to have negligible impact on species that do not possess 
peroxide functionalities, comparison of treated and control samples via UPLC/(-)ESI-Q-TOF-MS 
enables identification of peroxide-containing species based on the disappearance of signals 
corresponding to detected molecular constituents.  
 
Samples were prepared by acidifying an SOA filter extract to pH 2 with formic acid (50% w/w in 
H2O, Fluka). To an aliquot of the acidified extract, a concentrated aqueous solution of potassium 
iodide (KI, 99%, Sigma-Aldrich), made fresh daily and purged with N2, was added such that the 
concentration of I- was 60 mM. As a control, a second aliquot was diluted to the final volume of 
the treated sample with ultra-pure water (18 MW, <3 ppb TOC, Millipore Milli-Q). In this way, 
differences between treated and control samples reflected only changes induced by iodometry and 
not differences due to dilution or acidification. Immediately following dilution or KI addition, the 
treated and control samples were purged with N2 and placed in air-tight vials in the dark for 7 h 
prior to analysis by UPLC/(-)ESI-Q-TOF-MS to ensure completion of the iodometric reaction. 
The iodometric method was validated against a series of H2O2 (50% w/w in H2O, Sigma-Aldrich) 
solutions of known concentration.  
 
The abundances of the 23 identified dimers (Table 1) did not change significantly (<15%) in 
response to iodometry (Fig. S5), indicating that these compounds do not contain ROOH or ROOR 
functionalities. Although somewhat surprising, given that organic peroxides have been found to 
account for a significant mass fraction (12-85%) of SOA derived from monoterpene oxidation 
(53-57), the absence of (hydro)peroxide groups in the dimer structures is not unreasonable. We 
recently demonstrated using iodometry-assisted UPLC/(-)ESI-Q-TOF-MS that dimers detected in 
a-pinene SOA also lack ROOH and ROOR moieties, despite conventional spectrophotometric 
iodometry suggesting that ~15% of the a-pinene SOA mass is attributable to organic peroxides 
(52). 
 
These findings are consistent with the decomposition of particle-bound organic peroxides, likely 
to smaller peroxides that cannot be detected by UPLC/(-)ESI-Q-TOF-MS but can contribute to 
the total peroxide content quantified via spectrophotometric iodometry. The labile nature of 
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organic peroxides in biogenic SOA has been demonstrated in a number of recent studies (57-59), 
with reported decomposition timescales on the order of a few hours. Formation of OH radicals 
(60) and H2O2 (61, 62) from aqueous-phase monoterpene SOA (e.g., filter extracts and PILS 
samples) has also been observed, indicative of peroxide decomposition or hydrolysis. In addition, 
decomposition of multifunctional organic peroxides (e.g., peroxyhemiacetals and diacyl 
peroxides) can lead to nonperoxide species, including carboxylic acids, aldehydes, alcohols, and 
esters (21, 53). 
 
S4. Master Chemical Mechanism (MCM) Simulations 
The Master Chemical Mechanism version 3.2 (MCMv3.2) (54, 63) was used to predict the time-
dependent concentrations of OH, HO2, and RO2 during b-pinene ozonolysis in the CTEC, as well 
as the fractions of b-pinene that react with O3 vs. OH. The initial conditions for the simulations 
were those from Exp. 1 in Table S1 (i.e., 123 ppb b-pinene, 200 ppb O3, zero NOx, 295 K, 1 atm, 
and 5% RH). Three variations of the gas-phase b-pinene ozonolysis mechanism were 
implemented: (i) MCMv3.2 without modification, (ii) MCMv3.2 revised with the theoretical first-
generation ozonolysis branching ratios from Fig. 6 in Nguyen, Peeters, and Vereecken (5) 
(MCMv3.2 + NPV), and (iii) the mechanism from (ii) further modified with the theoretical b-
pinene photooxidation mechanism of Vereecken and Peeters (64) (MCMv3.2 + NPV + VP). Key 
areas in which these theoretical mechanisms, based on quantum chemical calculations and 
statistical kinetic analysis, deviate from the oxidation schemes currently incorporated in MCMv3.2 
are discussed in detail in the corresponding references.  
 
The observed first-order decay of b-pinene is well replicated by each of the three ozonolysis 
mechanisms; the two modified mechanisms produce slightly better agreement (Fig. S6A). The 
simulated concentration profiles of OH and RO2 appear to be fairly insensitive to the gas-phase 
ozonolysis mechanism employed, yielding concentrations of ~1.5 ´ 105 and ~2.0 ´ 1010 molecules 
cm-3, respectively, after 4 h of reaction (Fig. S6B). Conversely, HO2 profiles differ moderately 
between the three oxidation schemes, with concentrations after 4 h ranging from ~1.5 to 3.0 ´ 107 
molecules cm-3. Based on these simulations, OH-initiated oxidation accounts for ~20% of the b-
pinene consumption over a 4-h ozonolysis experiment. Assuming typical kRO2+RO2 and 
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kRO2+HO2values of 6.7 ´  10-13 and 2.09 ´  10-11 cm3 molecules -1 s-1, respectively (65), the simulated 
RO2 and HO2 concentration profiles suggest that RO2 + HO2 chemistry is of minor significance to 
the formation of molecular products in SOA derived from b-pinene ozonolysis in the CTEC. 
 
S5. Synthesis of 13C-b-Pinene 
Unless otherwise stated, reactions were performed in flame-dried glassware under an Ar or N2 
atmosphere using dry, deoxygenated solvents. Solvents were dried by passage through an activated 
alumina column under Ar. Chemicals and reagents were purchased from Sigma-Aldrich and used 
as received.  Reaction temperatures were controlled by an IKAmag temperature modulator. Thin-
layer chromatography (TLC) was performed using E. Merck silica gel 60 F254 precoated plates 
(0.25 mm) and visualized by UV fluorescence quenching, potassium permanganate staining, or p-
anisaldehyde staining. SiliaFlash P60 Academic Silica gel (particle size 0.040–0.063 mm) was 
used for flash column chromatography. 1H NMR spectra were recorded on a Bruker AVANCE 
HD 400 MHz NMR spectrometer and are reported in terms of chemical shift relative to residual 
CHCl3 (δ 7.26 ppm). Data for 1H NMR are reported as follows: chemical shift (δ ppm) 
(multiplicity, coupling constant, integration). Abbreviations are used as follows: s = singlet, d = 
doublet, t = triplet, m = multiplet. Reported spectra include minor solvent impurities of ether (δ 
3.48, 1.21) and petroleum ether (δ 1.26, 0.86), which do not impact product assignments. High-
resolution mass spectra were obtained using a Waters GCT Premier TOF-MS operating in EI 
ionization mode at a mass resolution (m/∆m) of 7000, interfaced with an Agilent 6890 GC with 
electronic pressure control and a split-splitless inlet. The GC was equipped with a Phenomenex 
ZB-5MS column (30 m ´ 0.25 mm, 0.25 µm) and operated in split mode at a split ratio of 240:1. 
The TOF-MS was calibrated from m/z 40 to 614 using perfluorotributylamine (PFTBA, Sigma-
Aldrich) as a mass reference compound. The calibrated mass axis was locked to the (CF2)3CF3+ 
ion at m/z 218.985.  
 
13C-β-Pinene. Triphenylphosphine (4.59 g, 17.5 mmol) was added to a solution of 13C-
iodomethane (2.5 g, 17.5 mmol) in benzene (15 mL) and the reaction was stirred for 72 h. The 
reaction was filtered, washing with benzene, and the filtrate was dried under reduced pressure to 
provide methyl-13C-triphenylphosphonium iodide in quantitative yield as a white solid. n-
Butyllithium (2.5 M, 1.7 mL, 4.33 mmol) was added to a suspension of methyl-13C-
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triphenylphosphonium iodide (1.86 g, 4.63 mmol) in THF (8 mL) at 0 °C and was stirred for 30 
min. Nopinone (0.400 g, 2.89 mmol) was added and the reaction was heated under reflux for 18 h. 
The reaction was allowed to cool to room temperature (25 ˚C), diluted with petroleum ether, 
filtered through celite, and concentrated under reduced pressure. The crude reaction mixture was 
purified via flash column chromatography, eluting with petroleum ether to provide 0.300 g of 13C-
β-Pinene as a mixture (1:1) with petroleum ether (Scheme 1). Note that due to the volatile nature 
of the product, the pure material was not fully concentrated. However, the residual petroleum ether 
affects neither product assignment nor subsequent experiments. 1H NMR (300 MHz, CDCl3) δ 
4.85 (d, J = 20.2 Hz, 1 H), 4.33 (d, J = 22.0 Hz, 1 H), 2.66–2.39 (m, 2 H), 2.38–2.15 (m, 2 H), 
1.97 (tt, J = 5.8, 3.0 Hz, 1 H), 1.94–1.77 (m, 2 H), 1.42 (d, J = 9.8 Hz, 1 H), 1.24 (s, 3 H), 0.72 (s, 
3 H) (Fig. S7). High-resolution mass spectra indicate 13C incorporation (Fig. S8). 
 
S6. Dimer Esters from Synergistic O3 + OH Oxidation 
S6.1 Structure Elucidation 
As discussed in the main text, MS/MS spectra of the 13C-labeled dimers and their 12C 
isotopologues revealed distinct OH-derived (13C-mass-shifted) and O3-derived (unshifted) 
fragmentation patterns (Table S3). Detailed analysis of these spectra, constrained by HDX and 
iodometry-assisted UPLC/(-)ESI-Q-TOF-MS, particle-phase kinetic analysis, and the extant 
mechanisms of β-pinene ozonolysis and photooxidation, afforded insight into the structures of 
these dimeric compounds. 
 
The O3-derived fragmentation patterns in the MS/MS spectra (Fig. 3 and Table S3) of the dimer 
esters (Table 1, type 1) are comparable to those observed for three abundant terpenoic acids 
identified in β-pinene SOA: m/z 185 (C9H14O4; RT 4.33), m/z 171 (C8H12O4; RT 4.06), and m/z 
189 (C8H14O5; RT 3.32). Based on comparison with LC/(-)ESI-MS data reported in the literature 
(66, 67), these SOA products, and in turn the O3-derived dimer ester precursors, are assigned to 
three well-characterized dicarboxylic acids: cis-pinic acid (C9H14O4), cis-norpinic acid (C8H12O4), 
and diaterpenylic acid (C8H14O5). In the case of the compound at m/z 185, comparison of its 
chromatographic and mass spectrometric behavior with that of a commercial cis-pinic acid 
standard (Sigma-Aldrich) corroborated the assignment. The extracted ion chromatograms, MS 
spectra, MS/MS spectra, and proposed fragmentation pathways for the three dicarboxylic acids are 
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presented in Fig. S9. It is noted that there are differences between the relative abundances of the 
MS/MS fragment ions in Fig. S9 and those of the O3-derived fragment ions of the dimer esters 
shown in Fig. 3. This feature can be rationalized by a difference in internal energy between the 
first- and second-generation dicarboxylic acid ions. Namely, the dicarboxylic acid ions produced 
via CID of dimer ester ions will have higher internal energy and undergo more extensive 
fragmentation on CID than those formed directly from (-)ESI. The strong correlation between the 
time-resolved particle-phase abundances of the dimer esters and their presumed dicarboxylic acid 
building blocks (Fig. 4A-C) further substantiates these structural assignments.  
 
The OH-derived monomeric units are characterized by the ionic [M−H]− formulas 
[C10H15,17O2-7]−, indicative of OH addition to β-pinene (C10H16) followed by varying degrees of 
O2 incorporation, isomerization, and bimolecular radical chemistry. As iodometry-assisted 
UPLC/(-)ESI-Q-TOF-MS demonstrated that the dimer esters do not contain ROOH 
functionalities, formation of OH-derived building blocks is assumed not to proceed via either RO2 
autoxidation (i.e., regenerative RO2 formation following intramolecular H-shifts) (68, 69) or HO2-
mediated reaction channels. Simulations of HO2 and RO2 concentrations during b-pinene 
ozonolysis in the CTEC also suggest that RO2 + HO2 chemistry is not significant in dimer ester 
production (SI Appendix, S4).  Tentative molecular structures for the OH-derived monomers, 
consistent with observed fragmentation patterns, are formulated based on the theoretical β-pinene 
photooxidation mechanism of Vereecken and Peeters (64), which derives from quantum chemical 
calculations, statistical kinetics, and structure-activity relationships (SARs). A key feature of this 
mechanism is the predicted accessibility of ring closure reactions of unsaturated RO and RO2 
radicals, which bring simulated nopinone and acetone yields in line with experimental data. 
Suggested OH-derived monomeric structures are constrained by the total number of exchangeable 
hydrogens in the structures of the dimer esters, quantified using HDX UPLC/(-)ESI-Q-TOF-MS, 
together with the known structures of the inferred O3-derived dicarboxylic acids. Fragmentation 
pathways for the dimer esters with proposed OH-derived precursors (Table S4) are presented in 
Fig. S10. These pathways consist of established charge-retention and charge-migration 
fragmentations (e.g., remote hydrogen rearrangements and pericyclic reactions), and are based on 
fundamental organic reactivity and ion stability principles (70, 71). While at least two structural 
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isomers are possible for each proposed dimer ester, depending on the position of the ester linkage, 
only the structure and fragmentations of the most likely isomer are considered. 
 
S6.2 Heterogeneous Formation Mechanism 
The formation of the major dimer ester at m/z 337 (C19H30O5) in b-pinene photooxidation 
experiments carried out with cis-pinic acid and (NH4)2SO4 seed (Fig. 5) corroborates the indirect 
MS/MS (Fig. 3A) and kinetic (Fig. 4A) evidence for heterogeneous formation via reactive uptake 
of a gas-phase, OH-derived monomer/intermediate by particle-bound cis-pinic acid. A 
heterogeneous rather than purely particle-phase mechanism is also supported by the absence of 
stable products corresponding to the OH-derived dimer ester precursors [e.g., m/z 169 (C10H18O2) 
for the dimer ester at m/z 337 (Table S3)] in SOA generated from β-pinene ozonolysis. The details 
of the mechanism forming the ester linkage are presently unclear. However, the observed increase 
in the abundances of the dimer esters (11-46%) under humid conditions (43% RH) (Fig. S1) argues 
against formation via conventional esterification (i.e., carboxylic acid + alcohol). These findings 
are in line with a recent theoretical study demonstrating that particle-phase esterification of a-
pinene ozonolysis products is thermodynamically unfavorable (72). 
 
To rule out the possibility of dimer formation through accretion of condensed monomers, either 
on the filter or during the extraction process, b-pinene SOA from OH-initiated oxidation in the 
CTEC with pure (NH4)2SO4 seed was collected on a Teflon filter uniformly coated with ~0.5 mg 
of cis-pinic acid (Sigma-Aldrich). A clean Teflon filter was also collected in parallel as a control, 
such that the mass of SOA collected on each filter was approximately equivalent. The filters were 
stored at room temperature (25 ˚C) for 48 h following collection, then extracted into 10 mL ultra-
pure water (18 MW, <3 ppb TOC, Millipore Milli-Q) as described in SI Appendix, S3.4. Filter 
extracts were left at room temperature for 72 h prior to analysis by UPLC/(-)ESI-Q-TOF-MS. As 
shown in Fig. S11, the dimer ester at m/z 337 was not observed in either SOA sample, 
demonstrating that the dimer esters are not artifacts of on-filter or aqueous-phase reactions. 
 
The b-pinene photooxidation experiments performed with cis-pinic acid and (NH4)2SO4 seed 
suggest that the hypothesized mechanism of heterogeneous dimer formation requires a sufficient 
particle-phase concentration of semivolatile dicarboxylic acids, which may be limited in the 
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ambient atmosphere by inefficient gas-particle partitioning. However, recent field measurements 
of gas-particle partitioning of tracers for biogenic oxidation indicate that the fraction of cis-pinic 
acid residing in the particle phase (Fp) in forested locations is 0.3-0.4 during the day and 0.6-0.8 
at night (34, 73). As the saturation mass concentrations (C*) of the dicarboxylic acids identified 
as dimer ester precursors (cis-pinic acid, cis-norpinic acid, and diaterpenylic acid) are all on the 
order of 10 µg m-3 (74), the findings for cis-pinic acid imply that pinene-derived dicarboxylic 
acids undergo efficient absorptive equilibrium gas-particle partitioning under ambient conditions 
and should thus be present in the particle phase in sufficient quantities to facilitate heterogeneous 
dimer formation. 
 
S7. Quantification of SOA Molecular Constituents 
Mass concentrations of individual organic compounds in chamber-generated b-pinene SOA 
collected by PILS and analyzed off-line by UPLC/(-)ESI-Q-TOF-MS were calculated from the 
following expression: 
 𝐶 = 01∙31∙45∙607∙89:;<=∙>9     (S1) 
 
where C is the particle-phase mass concentration of the compound (µg m-3), Qs is the aerosol 
sampling flow rate (12.5 L min-1), Ql is the rate of the washing flow (0.15 mL min-1), DF is the 
dilution factor that accounts for water vapor condensation on the PILS impaction plate (assumed 
to be 1.1) (46), r1 is the density of the collected PILS sample (assumed to be the density of the 
washing flow, 1.0 g mL-1), CEPILS is the overall PILS collection efficiency for b-pinene SOA 
(estimated to be 0.85) (47), R is the UPLC/(-)ESI-Q-TOF-MS response (i.e., chromatographic 
peak area) for the compound, and IE is the compound-specific (-)ESI efficiency (ppb-1). From 
comparison of the resulting particle-phase mass concentrations to the SMPS-derived suspended 
SOA mass loading, mass fractions of identified molecular products in β-pinene SOA were 
determined. 
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S7.1 Determination of (-)ESI Efficiency 
In the case of small molecules (<1000 Da), such as those analyzed in the current work, the ESI 
process is described by the ion evaporation model (IEM) (75). Prior separation of analytes from 
the complex SOA matrix via UPLC precludes potential ion-source artifacts (e.g., signal 
suppression and noncovalent clustering), ensuring the quantitative nature of the method. As 
authentic standards were not available, the (-)ESI efficiencies of the three similarly structured 
dicarboxylic acids implicated as dimer ester precursors (cis-pinic acid, cis-norpinic acid, and 
diaterpenylic acid) were quantified using commercially available cis-pinic acid (Sigma-Aldrich) 
as a surrogate. A 5-point calibration curve (n = 3) was generated from aqueous solutions of cis-
pinic acid spanning a concentration range from 50 to 1000 ng mL-1 (ppb); a linear response (R2 > 
0.999) was observed. The detection limit for cis-pinic acid, calculated as three times the standard 
deviation of the blank (3sblank), was found to be 1.2 ppb. The concentrations of the dicarboxylic 
acids measured in the PILS samples fell well above this threshold, and well within the calibrated 
linear range of the instrument. 
 
Due to a lack of authentic standards, (-)ESI efficiencies of oligomers in monoterpene SOA are 
typically quantified using commercially available terpenoic acids as surrogates (e.g., cis-pinonic 
acid and cis-pinic acid) (22, 23, 31, 76, 77). The same approach was applied here, using the 
measured (-)ESI efficiency of cis-pinic acid as a proxy for those of the dimeric compounds 
detected in β-pinene SOA formed from O3-initiated oxidation. The (-)ESI efficiencies of the 
identified dimers were also estimated theoretically via a linear model (R2 = 0.83) developed by 
Kruve et al. (78): 
 log 𝑅𝐼𝐸 = 1.04 ± 0.34 + 2.23 ± 0.34 ∙ 𝛼 − 0.51 ± 0.04 ∙ 𝑊𝐴𝑃𝑆 ∙ 10R    (S2) 
 
where logRIE is the (-)ESI efficiency relative to benzoic acid on a logarithmic scale (i.e., 
logRIEbenzoic acid = 0), a is the degree of ionization in solution (a function of analyte pKa and solution 
pH), and WAPS (weighted average positive sigma) is a parameter that quantifies the extent of 
charge delocalization in anions (i.e., the distribution of charge density across an ionic surface): 
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𝑊𝐴𝑃𝑆 = ST S USVWXYZ T S USVWXY                     (S3) 
 
where s is the polarization charge density on the ion surface (e Å-2), p(s) is the probability function 
of s, and A is the surface area of the anion (Å2). The dependence of logRIE on a and WAPS is in 
good agreement with current understanding of the (-)ESI process, as compounds that are more 
extensively dissociated in the LC mobile phase (higher a) will yield a higher concentration of 
anions in ESI droplets, while anions with more delocalized charge (lower WAPS) will interact 
more weakly with other molecules/ions in ESI droplets, exhibit lower solvation energy and a lower 
tendency for ion pairing (i.e., less attraction to polar solvent molecules as well as cations in the 
droplet interior), and thus partition more readily to and evaporate more easily from ESI droplet 
surfaces (78).  
 
The conductor-like screening model for real solvents (COSMO-RS) (79, 80) implemented in the 
Amsterdam Density Functional (ADF 2017.108) molecular modeling suite (81) was used to 
generate the charge density distributions (i.e., s profiles) required to derive WAPS parameters, as 
well as calculate analyte pKa values. Gas-phase molecular and anionic geometries were optimized 
at the TZP level using the Becke-Perdew (BP) generalized-gradient approximation (GGA) 
exchange-correlation functional and the scalar zeroth-order regular approximation (ZORA) 
relativistic Hamiltonian. Default “ADF combi2005” COSMO-RS parameters, which are optimized 
for ADF calculations, were employed (81). Representative s profiles of the [M-H]- ions of cis-
pinic acid and the major dimer ester at m/z 337 (C19H30O5) are shown in Fig. S12. The computed 
s profiles, together with anionic surface areas, were used to evaluate WAPS parameters. WAPS 
values above 4.5 ´ 10-5 have been proposed to indicate anions with localized charge (82). 
 
Aqueous pKa values for each analyte were calculated from their free energies of dissociation in 
water (∆Gdiss), computed using the COSMO-RS continuum solvation model. Negligible 
differences in zero-point energy between the neutral and deprotonated forms of each analyte were 
assumed. Following the approach of Eckert et al. (83), a linear regression of calculated ∆Gdiss and 
experimental pKa values accounted for systematic errors in the method:  
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p𝐾] = ^._%6`ab(#^) ∆𝐺fghh + 2.10                       (S4) 
 
Unsurprisingly, the fit parameters in the ADF COSMO-RS implementation (0.62 and 2.10) are 
quite similar to those reported in Eckert et al. (83) for the continuum model (0.61 and 1.94). To 
account for the particular acetonitrile-water composition at which each analyte elutes from the LC 
column (the volume fraction of acetonitrile increases linearly from 12% at RT 3.00 to 62% at RT 
7.50), a linear relationship developed by Espinosa et al. (84) was used to estimate analyte pKa 
values in acetonitrile-water mixtures ( pKas
s ) of varying composition (0-60% v/v acetonitrile) from 
the corresponding aqueous pKa values ( pKaw
w ) calculated with COSMO-RS: 
 pii 𝐾] = 𝑎h p	kk 𝐾] + 𝑏h                                (S5) 
 
As in the original expression, the IUPAC-recommended notation for pKa and pH definitions is 
employed, wherein the solvent in which the properties are measured/calculated and the solvent 
referred to as the standard state, water (w) or acetonitrile-water (s), are indicated by left-hand 
superscripts and subscripts, respectively. Both the slope (as) and intercept (bs) are related to 
differences in specific solvation interactions (e.g., hydrogen bonding) between water and the 
acetonitrile-water mixtures, and depend on the solute compound class. The intercept (bs) is also 
related to differences in solvent basicities and dielectric constants. For specific values of as and bs 
used in this study, see Equations 2 and 3 and Tables 4 and 5 in the original paper. 
 
The pH of five acetonitrile-water mixtures ranging from 1 to 70% v/v acetonitrile were measured 
potentiometrically (n = 3) using a VWR Scientific 8015 pH meter, calibrated with certified 
aqueous buffers (pH 4.00 and 7.00, Fisher Scientific). Linear regression of the measured pH values 
as a function of the acetonitrile volume fraction (R2 > 0.995) enabled calculation of the pH of the 
LC mobile phase at any point during the 12-min eluent program. The pH values obtained from this 
approach refer to water as the standard state ( pHws ). To convert from pHws  to pHss  (i.e., pH values 
that refer to the acetonitrile-water mixtures as the standard state), a conversion parameter (d) 
derived by Espinosa et al. (85) was applied:  
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pii H = p	ki H + 𝛿                           (S6) 
 
The d term includes both the primary medium effect and the difference between the liquid-junction 
potentials of the electrode system in water and the acetonitrile-water mixtures. Specific values of 
d used in this work were calculated from Equation 10 in the original paper. Given the estimated 
analyte pKas
s  and mobile phase pHss  values, the degree of ionization of each analyte (a) in the 
particular acetonitrile-water mobile phase at which it elutes from the LC column was calculated: 
 α = #^o pqq rs#^o pqq rs,#^o pqq t                              (S7) 
 
RIE values were determined for the five dimer esters with proposed molecular structures (Table 
S4), as well as for cis-pinic acid. For compounds with multiple sites for deprotonation (e.g., cis-
pinic acid), RIE values were derived independently for each possible monoanion and the results 
were summed to give an aggregate RIE. RIE values were normalized to that of cis-pinic acid, and 
scaled by the measured cis-pinic acid (-)ESI efficiency. In this way, absolute (-)ESI efficiencies 
for the five dimer esters were ascertained. For the dimers with unknown molecular structures, 
(-)ESI efficiencies were approximated by those of the dimer esters with the most similar OSC 
values (Table 1).  
 
Due to fundamental differences in the (-)ESI behavior of monomers and oligomers, namely that 
larger molecules produce anions with more delocalized charge (lower WAPS), the theoretical 
(-)ESI efficiencies of the dimer esters are roughly an order of magnitude higher than that of cis-
pinic acid (Table S4). These findings suggest that the mass contribution of oligomers to 
monoterpene SOA is significantly overestimated in studies that use commercially available 
terpenoic acids as surrogates to quantify oligomeric (-)ESI efficiencies (22, 23, 31, 76, 77). Indeed, 
dimers formed from coupled O3 and OH oxidation (Table 1, types 1-3) are found to account for 
25.4% of the total mass of b-pinene SOA formed after ~4 h of ozonolysis in the CTEC (Table S1, 
Exp. 1) when quantified using the measured (-)ESI efficiency of cis-pinic acid, whereas theoretical 
estimation of the (-)ESI efficiencies of the dimers via the model of Kruve et al. (78) leads to a 
mass fraction of only 5.9% for dimers produced via concerted O3 and OH chemistry. The treatment 
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of oligomeric (-)ESI efficiencies in monoterpene SOA formation experiments, and its potential 
role as a source systematic bias, will be explored in detail in a forthcoming study on the abundance 
of oligomeric products in SOA derived from the O3-initiated oxidation of a- and b-pinene. 
 
S7.2 Uncertainty Analysis 
Uncertainty in the PILS method (dPILS) arises mainly from variation in the collected liquid volume 
due to the existence of air bubbles, and has been estimated to be less than ± 11% (47). Uncertainty 
associated with the chromatographic and mass spectral reproducibility of the UPLC/(-)ESI-Q-
TOF-MS (dUPLC) was determined to be less than ± 3% by performing replicate injections of a 
standard solution of adipic acid (99%, Sigma-Aldrich) and cis-pinonic acid (98%, Sigma-Aldrich). 
Uncertainty in the measured (-)ESI efficiency of cis-pinic acid (d(-)ESI) was found to be small, less 
than ± 1%. An uncertainty of ± 20% is assumed for SMPS-derived suspended SOA mass loadings 
(dSMPS) (86). For molecular products in b-pinene SOA quantified using cis-pinic acid, propagation 
of these individual uncertainties yields a total estimated relative uncertainty in the reported SOA 
mass fractions (dtotal) of ± 23%:  
 𝛿uvu]a = 𝛿wxyz% + 𝛿{wy|% + 𝛿 * }zx% + 𝛿z~wz% 	𝛿uvu]a = (0.11)% + (0.03)% + (0.01)% + (0.20)% = 0.23           (S8) 
 
For the mass fractions of dimeric compounds in O3-derived β-pinene SOA quantified via the model 
of Kruve et al. (78), the most considerable contribution to the associated uncertainty arises from 
the error in the logRIE estimates. The root-mean-square deviation (RMSD) for the model 
validation set, a measure of the average disagreement between measured and predicted logRIE 
values, is taken as approximation of this error: 
 RMSD = av6>9p*av6>9                                     (S9) 
 
where logRIEp and logRIEm are the predicted and measured (-)ESI efficiencies relative to benzoic 
acid on a logarithmic scale, respectively, and n is the number of compounds in the model validation 
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set. The stated RMSD for the validation set is 0.48 log units (78), which translates to an estimated 
uncertainty in the reported SOA mass fractions of a factor of 3. 
 
S8. General Applicability of O3 + OH Oxidation to Monoterpene SOA Formation 
Although specifically revealed in SOA formation from b-pinene, the production of dimers through 
concerted O3 and OH oxidation is expected to be broadly applicable to other monoterpenes, most 
notably a-pinene. While the endocyclic double bond of a-pinene rules out the isotopic labeling 
approach that was used with β-pinene to directly probe this chemistry, several dimeric compounds 
with the accurate masses/molecular formulas corresponding to dimers demonstrated to derive from 
coupled O3 and OH oxidation of b-pinene (Table 1, types 1-3) were measured by PILS + 
UPLC/(-)ESI-Q-TOF-MS in SOA produced from a-pinene ozonolysis (Table S5); two of the 
dimers, m/z 337 (C19H30O5) and  m/z 369 (C19H30O7),  are major peaks in the BPI chromatogram. 
These dimers were detected at either the same or similar RT (less than ± 0.18 min) to those of their 
b-pinene counterparts, and with analogous MS/MS spectra. The formation of these dimers was 
also significantly suppressed (>60%) by introduction of cyclohexane as an OH scavenger. These 
findings indirectly confirm that dimer production via synergistic O3 + OH oxidation is operative 
in the a-pinene ozonolysis system. However, due to the structural isomerism of a- and b-pinene 
(i.e., endocyclic vs. exocyclic double bond), the scope of the O3 + OH reactivity in the a-pinene 
system is likely underestimated by the limited number of equivalent/identical dimeric compounds 
formed via ozonolysis of a- and b-pinene reported in Table S5. 
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Fig. S1. UPLC/(-)ESI-Q-TOF-MS BPI chromatograms of SOA produced from the O3-initiated oxidation of β-pinene in the 
CPOT (Table S1, Exps. 7, 9, and 10) in the presence and absence of water vapor and formic acid as SCI scavengers (SI 
Appendix, S1.2). Numbers correspond to nominal m/z values of [M−H]− ions; molecular formulas are given in parentheses. 
Chromatograms for Control, Water Vapor, and Formic Acid experiments are normalized to the TOC content of the 
corresponding SOA samples (SI Appendix, S3.4) and are reported as averages of replicates (n = 3). 
 
 
 
 
 
 
Fig. S2.  Determination of SMPS-derived suspended SOA volume concentrations, 𝐶Zhh(𝑡). An exponential fit was applied to 
the decay of pure (NH4)2SO4 seed (t < 0). The extrapolated seed volume concentrations (t > 0) were subtracted from the 
volume concentrations of total suspended aerosol measured by the SMPS. Data shown are for Exp. 1 in Table S1. 
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Fig. S3.  “Bulk” properties of SOA produced from the O3- and OH-initiated oxidation of β-pinene over ~4 h of reaction in the 
CTEC (Table S1, Exps. 1 and 2). (A) SMPS-derived suspended SOA mass concentrations (SI Appendix, S3.1). (B) AMS-
derived elemental O:C and H:C ratios (SI Appendix, S3.2). (C) van Krevelen diagram. (D) AMS-derived average carbon 
oxidation states (OSC = 2 O:C - H:C). Dashed lines denote time point for which BPI chromatograms are presented in Fig. 1, 
SOA mass fractions are calculated in Table 1, and O:C, H:C, and OSC values are reported in SI Appendix, S3.2. 
 
 
 
 
 
 
Fig. S4. Shift in m/z of representative dimers in b-pinene SOA, measured by UPLC/(-)ESI-Q-TOF-MS, due to H/D exchange 
of labile hydrogens (e.g., -OH, -OOH, and -COOH) when D2O is used in place of H2O as the solvent/polar eluent. The m/z 
shifts by one mass unit for every exchangeable hydrogen present in the molecule in addition to the site deprotonated to form 
the [M−H]− ion. The partial H/D exchange exemplified in B is attributed to structures containing moderately acidic a hydrogens 
(SI Appendix, S3.6). 
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Fig. S5. UPLC/(-)ESI-Q-TOF-MS BPI chromatograms of SOA produced from the O3-initiated oxidation of β-pinene in the 
CPOT (Table S1, Exp. 7); comparison between iodometry and control samples (SI Appendix, S3.7). Numbers correspond 
to nominal m/z values of [M−H]− ions; molecular formulas are given in parentheses. (Inset) Effect of iodometry on the 
abundance of dimers whose formation was significantly inhibited (>65%) by OH scavenging (Table 1), reported as a 
percent change relative to the control sample and precise to <6%. Data for Control and Iodometry samples are reported 
as averages of replicates (n = 3). 
 
 
 
 
 
 
Fig. S6. MCMv3.2 simulations of the gas-phase ozonolysis of β-pinene in the CTEC under initial conditions of 123 ppb b-
pinene, 200 ppb O3, zero NOx, 295 K, 1 atm, and 5% RH (Table S1, Exp. 1). Three variations of the b-pinene ozonolysis 
mechanism were implemented (SI Appendix, S4). (A) First-order decay of b-pinene, measured by GC/FID and modeled. (B) 
Simulated concentration profiles of OH, HO2, and RO2. 
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Fig. S7. 1H NMR spectrum (300 MHz, CDCl3) of 13C-b-pinene. 
 
 
 
Fig. S8. GC/EI-MS spectra of (A) commercial b-pinene and (B) 13C-b-pinene. (Insets) BPI chromatograms of A and B. 
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Fig. S9. (1) Extracted ion chromatograms, (2) MS spectra, and (3) MS/MS spectra, measured by UPLC/(-)ESI-Q-TOF-MS, 
along with (4) proposed fragmentation pathways, for dicarboxylic acids in β-pinene SOA assigned to (A) cis-pinic acid 
(C9H14O4), (B) cis-norpinic acid (C8H12O4), and (C) diaterpenylic acid (C8H14O5). Numbers in MS/MS spectra and fragmentation 
pathways correspond to nominal m/z values of [M−H]− fragment ions; ionic formulas [CxHyOz]− are given in parentheses.  
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Fig. S10. Proposed fragmentation pathways for dimer esters (Table S4) formed from concerted O3 and OH oxidation of β-
pinene. Structures are colored to denote O3-derived (red) and OH-derived (blue) monomeric units. Numbers correspond to 
nominal m/z values of [M−H]− fragment ions; ionic formulas [CxHyOz]− are given in parentheses. *Indicates position of 13C label 
on formation from 13C-b-pinene. 
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Fig. S11. UPLC/(-)ESI-Q-TOF-MS BPI chromatograms of SOA produced from the OH-initiated oxidation of β-pinene in the 
presence of pure (NH4)2SO4 seed after ~4 h of reaction in the CTEC (Table S1, Exp. 5). SOA was collected on either a clean 
Teflon filter (Control) or a Teflon filter coated with cis-pinic acid (C9H14O4). Filters were collected in parallel such that the mass 
of SOA on each filter was approximately equivalent (SI Appendix, S6.2). Shaded peaks correspond to cis-pinic acid.  
 
 
 
 
 
 
Fig. S12. COSMO-RS s profiles of the [M−H]− ions of (A) cis-pinic acid (C9H14O4) and (B) the dimer ester at m/z 337 (C19H30O5). 
Each s profile contains 90 segments, 0.0089 e Å-2 wide; positive s values correspond to surface segments with negative 
charge. (Insets) COSMO surface charge density superposed on the ball-and-stick structure for each anion; red represents 
positive charge density (underlying molecular charge is negative), blue represents negative charge density (underlying 
molecular charge is positive). The calculated weighted average positive sigma (WAPS), degree of ionization in solution (a), 
and relative (-)ESI efficiency normalized to that of cis-pinic acid (RIE/RIEcis-pinic acid) are also reported for each compound. 
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Table S1. Summary of experimental conditions. 
Reactor Exp. VOC [VOC]0 (ppb) 
[O3]0 
(ppb)† Oxidant Seed aerosol
‡ 
Initial seed 
volume 
(µm3 cm-3) 
OH/SCI 
scavenger 
T0 
(K) 
RH0 
(%) 
Caltech 24 m3 
Environmental 
Chamber 
(CTEC) 
1 b-pinene 123 ~200 O3 (NH4)2SO4 72 - 295 ± 2 <5 
2 b-pinene 117 ~3 OH (NH4)2SO4 66 - 295 ± 2 <5 
3 b-pinene 124 ~3 OH (NH4)2SO4 +  Cis-Pinic Acid (1:1) 122 - 295 ± 2 <5 
4 b-pinene 132 ~3 OH (NH4)2SO4 +  Cis-Pinic Acid (2:1) 143 - 295 ± 2 <5 
5 b-pinene 127 ~3 OH (NH4)2SO4 74 - 295 ± 2 <5 
6 a-pinene 124 ~200 O3 (NH4)2SO4 86 - 295 ± 2 <5 
Caltech 
Photooxidation 
Flow Tube 
(CPOT) 
7 b-pinene 147 ~980 O3 (NH4)2SO4 77 - 295 ± 2 <10 
8 b-pinene 149 ~990 O3 (NH4)2SO4 74 Cyclohexane (25 ppm) 295 ± 2 <10 
9 b-pinene 143 ~1010 O3 (NH4)2SO4 81 Formic Acid (15 ppm) 295 ± 2 <10 
10 b-pinene 146 ~970 O3 (NH4)2SO4 73 Water Vapor (1%) 295 ± 2 43 ± 1 
11 13C-b-pinene 152 ~990 O3 (NH4)2SO4 79 - 295 ± 2 <10 
†H2O2 interference artificially increases O3 absorption monitor readout by ~2-3 ppb in photooxidation experiments. 
‡Seed aerosol was dried and neutralized in all experiments. 
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Table S2. Laboratory and field observations of compounds with accurate 
masses/molecular formulas corresponding to the dimers identified in 
SOA produced from the O3-initiated oxidation of β-pinene whose 
formation was significantly inhibited (>65%) by OH scavenging. 
Dimer 
type 
Observed 
m/z (−) 
RT 
(min) 
Molecular   
formula 
Reported observations 
Laboratory Field 
 323.1860 6.86 C18H28O5 1,5 2 
 355.1754 6.24 C18H28O7 3,5,8,9,10 2,9,11 
 419.1525 4.70 C18H28O11 5 - 
1 373.1851 5.99 C18H30O8 5 11 405.1764 4.49 C18H30O10 5,9,10 - 
 351.1828 5.73 C19H28O6 1,5,10 11 
 337.2027 7.16 C19H30O5 1,4,5,6,7,9,10 2,9 
 369.1916 6.48 C19H30O7 3,5,7,9,10 2,9,11 
 341.1960 6.87 C18H30O6 - 11 
 357.1919 6.91 C18H30O7 - 2 
2 373.1851 5.70 C18H30O8 5 11 
 389.1814 6.18 C18H30O9 5 11 
 353.1961 6.15 C19H30O6 5,9,10 9,11 
 315.1448 5.83 C15H24O7 5,9,10 9 
 347.1346 5.19 C15H24O9 - - 
3 375.1653 6.24 C17H28O9 5,6 11 
 417.1769 6.76 C19H30O10 5 - 
 403.1963 6.28 C19H32O9 5 - 
 345.1549 5.36 C16H26O8 5 11 
 359.1714 5.89 C17H28O8 5,9,10 11 
4 339.1822 6.34 C18H28O6 3,5,9,10 2,11 
 355.1754 5.27 C18H28O7 3,5,8,9,10 2,9,11 
 371.1707 5.46 C18H28O8 3,5,9,10 9,11 
(1)   Tolocka et al. (14)  (7)   Kourtchev et al. (20) 
(2)   Wozniak et al. (15)  (8)   Zhang et al. (21) 
(3)   Müller et al. (16)  (9)   Kristensen et al. (22) 
(4)   Gao et al. (17)  (10) Kristensen et al. (23) 
(5)   Putman et al. (18)  (11) Mohr et al. (24) 
(6)   Witkowski and Gierczak (19) 
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Table S3. MS/MS fragmentation patterns of dimers identified in SOA produced from the O3-initiated oxidation of β-pinene 
whose m/z shifted by one mass unit on formation from 13C-b-pinene. 
Dimer 
type 
Observed 
m/z (−) 
RT 
(min) 
Molecular 
formula Major MS/MS fragment ions
† 
 323.1860 6.86 C18H28O5 171(C8H11O4), 127(C7H11O2), 99(C5H7O2), 71(C3H3O2) 169*(C10H17O2), 151*(C10H15O), 139(C9H15O), 113*(C6H9O2) 
 355.1754 6.24 C18H28O7 
325(C17H25O6) 
171(C8H11O4), 127(C7H11O2), 99(C5H7O2), 71(C3H3O2) 
201*(C10H17O4), 183*(C10H15O3), 171(C9H15O3), 153(C9H13O2), 135(C9H11O), 113(C6H9O2), 95(C6H7O) 
 419.1525 4.70 C18H28O11 
343(C16H23O8) 
189(C8H13O5), 171(C8H11O4), 145(C7H13O3), 127(C7H11O2), 109(C7H9O), 85(C5H9O) 
247*(C10H15O7), 203(C9H15O5), 185(C9H13O4), 171(C8H11O4), 141(C8H13O2), 75*(C2H3O3) 
1 373.1851 5.99 C18H30O8 
343(C17H27O7), 325(C17H25O6), 299(C16H27O5), 281(C16H25O4) 
189(C8H13O5), 171(C8H11O4), 145(C7H13O3), 127(C7H11O2), 109(C7H9O), 85(C5H9O) 
171(C9H15O3), 135(C9H11O), 113(C6H9O2), 95(C6H7O) 
 405.1764 4.49 C18H30O10 189(C8H13O5), 171(C8H11O4), 145(C7H13O3), 127(C7H11O2), 109(C7H9O), 85(C5H9O) 233*(C10H17O6), 215*(C10H15O5), 203(C9H15O5), 185(C9H13O4), 157*(C7H9O4), 141(C8H13O2), 113*(C6H9O2), 95*(C6H7O) 
 351.1828 5.73 C19H28O6 185(C9H13O4), 167(C9H11O3), 141(C8H13O2), 123(C8H11O), 99(C5H7O2), 71(C3H3O2) 183*(C10H15O3), 165*(C10H13O2), 153(C9H13O2), 135(C9H11O) 
 337.2027 7.16 C19H30O5 185(C9H13O4), 167(C9H11O3), 141(C8H13O2), 123(C8H11O), 99(C5H7O2), 71(C3H3O2) 169*(C10H17O2), 151*(C10H15O), 139(C9H15O), 113*(C6H9O2) 
 369.1916 6.48 C19H30O7 
339(C18H27O6), 321(C18H25O5) 
185(C9H13O4), 167(C9H11O3), 141(C8H13O2), 123(C8H11O), 99(C5H7O2), 71(C3H3O2) 
201*(C10H17O4), 183*(C10H15O3), 171(C9H15O3), 165*(C10H13O2), 153(C9H13O2), 135(C9H11O), 113(C6H9O2), 95(C6H7O) 
 341.1960 6.87 C18H30O6 
311(C17H27O5), 253(C14H21O4) 
157(C8H13O3), 139(C8H11O2), 
183*(C10H15O3), 171(C9H15O3), 165*(C10H13O2), 125*(C7H9O2), 113(C6H9O2) 107*(C7H7O), 95(C6H7O), 73*(C3H5O2) 
 357.1919 6.91 C18H30O7 
311(C17H27O5), 255*(C14H23O4) 
189(C8H13O5), 173(C7H9O5), 171(C8H11O4), 145(C7H13O3), 130(C5H6O4), 127(C7H11O2), 101(C6H13O), 85(C5H9O) 
169*(C10H17O2), 151*(C10H15O), 139*(C9H15O), 117*(C5H9O3), 99*(C5H7O2), 71*(C4H7O) 
2 373.1851 5.70 C18H30O8 
343(C17H27O7) 
189(C8H13O5), 171(C8H11O4), 145(C7H13O3), 131(C5H7O4), 127(C7H11O2), 109(C7H9O), 87(C4H7O2) 
185(C9H13O4), 167(C9H11O3), 141(C8H13O2), 123(C8H11O) 
 389.1814 6.18 C18H30O9 189(C8H13O5), 173(C7H9O5), 171(C8H11O4), 145(C7H13O3), 130(C5H6O4), 127(C7H11O2), 101(C6H13O), 85(C5H9O) 171(C9H15O3), 165*(C10H13O2), 125*(C7H9O2), 117*(C5H9O3), 107*(C7H7O), 99*(C5H7O2), 95(C6H7O), 71*(C4H7O)  
 353.1961 6.15 C19H30O6 185(C9H13O4), 167(C9H11O3), 141(C8H13O2), 123(C8H11O), 99(C5H7O2), 71(C3H3O2) 185*(C10H17O3), 183*(C10H15O3), 155*(C9H15O2), 153*(C9H13O2), 85*(C4H5O2), 73*(C3H5O2) 
 315.1448 5.83 C15H24O7 145(C5H5O5), 101(C4H5O3), 83(C4H3O2), 57(C3H5O) 169*(C10H17O2), 151*(C10H15O), 139(C9H15O) 
 347.1346 5.19 C15H24O9 189(C8H13O5), 171(C8H11O4), 145(C7H13O3), 127(C7H11O2), 109(C7H9O), 85(C5H9O) 125*(C7H9O2), 107*(C7H7O), 101(C4H5O3), 83(C4H3O2), 57(C3H5O) 
3 375.1653 6.24 C17H28O9 175(C7H11O5), 173(C7H9O5), 157(C7H9O4), 129(C6H9O3), 117(C4H5O4), 99(C4H3O3), 85(C5H9O), 73(C3H5O2)  171(C9H15O3), 165*(C10H13O2), 135*(C9H11O), 125*(C7H9O2), 113(C6H9O2) 107* (C7H7O), 95(C6H7O) 
 417.1769 6.76 C19H30O10 189(C8H13O5), 173(C7H9O5), 171(C8H11O4), 145(C7H13O3), 130(C5H6O4), 127(C7H11O2), 101(C6H13O), 85(C5H9O)  171(C9H15O3), 165*(C10H13O2), 125*(C7H9O2), 107*(C7H7O), 95(C6H7O), 
 403.1963 6.28 C19H32O9 203(C9H15O5), 185(C9H13O4), 159(C8H15O3), 141(C8H13O2), 123(C8H11O), 115(C7H15O), 99(C6H11O) 171(C9H15O3), 125*(C7H9O2), 113*(C6H9O2) 107* (C7H7O), 95*(C6H7O), 85*(C5H9O) 
†Nominal m/z values are colored to denote O3-derived (red) and OH-derived (blue) fragment ions. Ionic formulas [CxHyOz]− are given in 
parentheses. *Indicates peaks that underwent a one-unit mass shift on formation from 13C-b-pinene. 
 
 
 
 
 
 
 
 
 S41 
Table S4. COSMO-RS theoretical parameters for proposed molecular structures of dimer esters (Table 1, type 1) formed 
from concerted O3 and OH oxidation of β-pinene, and for cis-pinic acid. 
Observed 
m/z (−) 
RT 
(min) 
Molecular 
formula 
Exchangeable 
hydrogens 
WAPS  
(´ 105)† a
‡ RIE/ RIEcis-pinic acid§ 
Proposed  
molecular structure 
323.1860 6.86 C18H28O5 2 2.18 0.005 7.3 
 
355.1754 6.24 C18H28O7 4 2.35 0.018 6.4 
 
405.1764 4.49 C18H30O10 5 2.18 2.17 
0.099 
0.055 21.5 
 
337.2027 7.16 C19H30O5 2 2.10 0.001 7.9 
 
369.1916 6.48 C19H30O7 4 2.25 0.045 8.3 
 
185.0825 4.33 C9H14O4 2 4.47 4.46 
0.004 
0.008 1.0  
†Weighted average positive sigma. ‡Degree of ionization in solution. §Relative (-)ESI efficiency normalized to that of cis-pinic acid. 
 
 
 
 
Table S5. Dimers identified in SOA produced from the O3-initiated 
oxidation of a-pinene (Table S1, Exp. 6) with the same accurate 
masses/molecular formulas, similar RT, and analogous MS/MS 
spectra to those in b-pinene SOA demonstrated to derive from 
concerted O3 and OH oxidation.  
Dimer 
type 
Observed 
m/z (−) 
RT (min) Molecular 
formula 
Error 
(ppm) a-pinene b-pinene 
1 
323.1860 6.93 6.86 C18H28O5 0.6 
323.1860 6.68 6.86 C18H28O5 0.6 
337.2027 7.31 7.16 C19H30O5 3.6 
369.1916 6.48 6.48 C19H30O7 0.8 
2 
357.1919 6.91 6.91 C18H30O7 1.7 
357.1919 6.77 6.91 C18H30O7 1.7 
389.1814 6.02 6.18 C18H30O9 0.8 
353.1961 6.31 6.15 C19H30O6 -0.8 
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